Abstract-An inductively coupled feed novel technique is proposed to enhance the performance of RFID tag antennas. The applied feeding concept comprises of two opposing symmetrical U-shaped structures to feed a radiating body. It is a simple alternative to effectively match between the antenna impedance with the chip impedance from the flexible augmentation of equivalent inductance to the radiating body. The proposed feeding method offers better expectation of performance among antenna size, impedance, and gain at the size of 50 × 70 × 1.6 mm 3 . The peak gain of the proposed tag antenna is 2.5 dBi at its operating frequency, which is higher among conventional tag antennas. Measured results indicate that this tag antenna has a good impedance matching characteristic at 904-937 MHz (power reflection coefficient better than -3 dB). The comparison between the simulation and measurement results verified the proposed technique capability to improve overall performance of the tag antennas.
INTRODUCTION
Nowadays, our daily life is inescapably surrounded by burgeoning application of radio frequency identification (RFID) especially the passive ones. It is built-in within transportation systems, vehicles systems, business transaction systems; access points systems, logistics systems, healthcare system, and detection systems in general. What a typical passive RFID tag fundamentally depends on is an ideal impedance match between an antenna and a specific integrated circuit chip tag. The ideal match could increase the functionality power of the chip, thus, maximizes the read range.
Plausibly, the tag antenna is the most critical components of the passive RFID system. Moreover, with the increasing demand for various applications within different backgrounds at lower cost and smaller size; debut any additional cost of fabrication or integration of external matching network with lumped elements usually disappoint the industry. An attempt to fulfill the ongoing higher expectation is to directly match the antenna onto the chip. Only this method will have to deal with complex impedance issue that varies in accord to the frequency, and the input power that drives the chip [1] .
In response to such challenges aforementioned, several types of tag antennas were being proposed for RFID applications [2] [3] [4] [5] [6] recently. However, very few papers simultaneously provided antennas with high gain as well as omni-directional performance at reduced size. Therefore, the challenges in designing RFID focus more on tag antenna especially on the design techniques among the circuit designers. For instance, Tang and his co-workers [2] presented a rectangular-loop feed antenna with a bent meandered strip and additional patches to operate at UHF RFID bands. However, the size of the proposed tag antenna is measured at 77.5 × 22.2 mm 2 with maximum gain of 1.6 dB. Another one reported in [3] is a dual-band (HF and UHF) tag antenna consisting of a spiral coil to handle the HF and a two meander lines inside the spiral coil is adopted for the UHF. The antenna is easily adjustable with several ways of handling both coarse tuning and fine-tuning. Nonetheless, its overall dimension is considered large in size at 51.4 × 83.6 mm 2 , and its maximum is about -1.5 dB. Meanwhile, another attempt in [4] , there is two kinds of tag antennas with bandwidth enhancement promoted by mounting them on metallic objects. Additional slots on the surface of the patch excite two different modes. Yet, again, the size issue is raised as the single-slot antenna design is 84 × 26 mm 2 , with maximum gain of -3 dB. Next project in [5] is a very inspiring antenna design in term of its size. It uses "Vivaldi-like" aperture fed with a slot line coupled electromagnetically to a microstrip line, where the aperture is loaded with a meander line. Nevertheless, the antenna was designed using conventional 50 Ω system impedance instead of trendy chip impedance, with maximum gain of -2.97 dB. Shifting view to design [6] , where the RFID tag antenna proposed using cross-shaped fractal metamaterial structure inserted in between the patch and the ground plane. Still, its size is reducible at 190 × 244 mm 2 .
This paper is an attempt to design a compact microstrip RFID tag antenna together with better gain at lowest possible losses and cost in a package. It uses U-shaped inductively coupled feed structure, which is tuned to operate at center frequency of 915 MHz. The size reduction is obvious at 50 × 70 mm 2 , which corresponds to (0.153λ 0 × 0.214λ 0 ), where λ 0 is the free space wavelength.
II. ANTENNA CONFIGURATION
A compact microstrip tag antenna is presented in this section for RFID applications. The proposed tag antenna consists of a two U-shaped feed structures and a radiating dipole body deposited on the top surface of the material substrate. The IC chip terminals are connected direct to the center of the two opposing U-shaped structures, and the feed communicates with the antenna body through mutual coupling. Fig. 1 shows the layout of the RFID tag antenna and its geometrical parameters in Table I were meticulously selected among the figures obtained from optimizing simulation results that augment the tag antenna's best functionality in its UHF operating frequency band. The antenna was designed using Murata RFID MAGICSTRAP LXMS31ACNA-011 tag chip [7] , with input impedance of (25-j200) Ω at resonance frequency of 915 MHz. The minimum operating threshold power of the tag IC chip is -8 dBm. The tag antenna was designed and etched on an epoxy FR4 substrate with thickness of 1.6 mm, dielectric constant of 4.4, and loss tangent of 0.02. The final size of the proposed antennas was measured at 50 × 70 ×1.6 mm 3 . The dimensions and the resonant frequency of the proposed antenna are materialized from optimized simulation that matches the inductance with the conjugate impedance of the chip used. In comparison to the tag antennas previously mentioned in [3, 6] , the proposed antenna reduced in size about 18.5%, 75%, respectively. Next, the tag antenna was developed and simulated using 3D full-wave electromagnetic simulator (CST Microwave Studio, 2010) [8] . Fig. 2 shows the simulated return loss of the tag antenna by considering chip impedance lumped-element values operating at the frequency of 915 MHz (based on the geometrical parameters in Table I ). The figure indicates that the antenna performed well in terms of the achieved return loss which is better than -30 dB. Fig. 3 portrays the 3D radiation pattern of the tag antennas at 915 MHz, which indicates that the proposed RFID tag antenna exhibit omni-direction performance with good gain and radiation efficiency better that 83%. Compared to the RFID tag antennas recently reported in [2] [3] [4] [5] , this proposed tag antenna has higher gain with better radiation efficiency. The main enhancement lies at the amplified production of the proposed tag antenna performance from the inductively coupled feeding technique using U-shaped structure which adds inductance in the radiating dipole antenna compared to the traditional feeding method such as coupled open loop [9] .
III. MEASURED RESULTS AND DISCUSSION
A differential probe proposed by Palmer and his co-authors has a symmetrical structure, and therefore was employed to measure the tag antenna characteristics [10] . It is formed by combining two ports using a fixture as shown in Fig. 4 , with the metal shield of the semi-rigid coaxial cables soldered together to form the virtual common ground. The measurement setup for antenna impedance is shown in Fig. 4 . The experimental free space measurement was performed in room environment using the differential probe connected to Vector Network Analyzer (model: Anritsu 37347D) from one end and soldered to the tag antenna from the other end. 5 shows the simulated and measured results for the impedance of the designed tag antenna. The measured results were obtained after de-embedding the influence of the semirigid cables from the transmission and reflection coefficients measured at the subminiature SMA connectors using the method reported in [10, 11] . From the figure, we observed that there is little difference between the two resistance curves at the design frequency. However, the reactance curves are in good agreement with each other. The variation between these results may be originated from the soldered measurement probe; apart from the mismatch between the feeding lines and SMA connectors, as well as defects of the standard printed circuit board (PCB) fabrication process. Fig. 5 also shows that the simulated and measured impedances are (22.2 + j200) Ω and (12.1 + j191.7) Ω, respectively at the center frequency of 915 MHz. The analysis of power reflection coefficient (PRC) methodology presented in [12] was referred for the RFID tag antenna design. The measured and simulated PRC results of the proposed tag antenna with half-power bandwidth (HPBW) are portrayed in Fig. 6 . The HPBW of the antenna is determined using the criterion PRC < -3 dB, where it was found that the simulated HPBW is 2.6% (904-928 MHz) at center frequency of 915 MHz, while the measured HPBW is 3.6% (904-937 MHz) at 919 MHz center frequency. The maximum theoretical read range of proposed tag antenna is 5.30 m calculated using Friis free-space formula [1] . In order to verify the calculation, measurement was done with a reader's output power set at 30 dBm, corresponding to a total transmitted power of approximately 4.0 W. The measured read range using the ATid (AT-870) hand held reader is 4.92 m, lacking 7.2% from the theoretical one. The variation between the measured and calculated read range is due to that the measurement process was conducted in a normal room environment.
IV. CONCLUSION RFID tag antenna comprises of two radiating arms fed by novel method of U-shaped inductively coupled feed configuration has been proposed, constructed, and tested. The proposed U-shaped feed structure supplies an equivalent inductance to the radiating dipole antenna, which provides flexible technique to determine the strength of the inductive coupling and simple solution to effectively match between the antenna impedance and the chip impedance. As a result, the peak gain of the proposed tag antenna is 2.5 dB which is higher than traditional antennas gain recently reported in [2] [3] [4] [5] , with good omni-directional radiation characteristics. The size of the proposed tag antenna is measured at compact size of 50 × 70 mm 2 . In comparison to the tag antennas recently aforementioned in [3, 6] , the proposed tag antenna is smaller in size about 18.5% and 75%, respectively. Accordingly, the proposed antenna achieves overall better performance within integration among antenna size, bandwidth, impedance, and gain. It proves itself to suit UHF RFID systems application.
